Yes-associated protein (YAP) and transcriptional coactivator with PDZ-binding motif (TAZ) are functionally redundant transcriptional regulators that are downstream effectors of the Hippo signaling pathway. They act as major regulators of stem cell maintenance, cell growth, and differentiation. To characterize their roles in the adrenal cortex, we generated a mouse model in which Yap and Taz were conditionally deleted in steroidogenic cells ( 
I n mice, the adrenal cortex is composed of two concentric zones: the zona glomerulosa (zG) and the zona fasciculata (zF). The zG produces the mineralocorticoids that regulate blood volume and pressure, whereas the zF produces glucocorticoids that mediate the response to stress. The adrenal cortex is a dynamic organ in which newly differentiated cells replace senescent cells. The centripetal migration model is the most widely accepted explanation of postnatal adrenocortical zonation. In this model, stem cells in the capsule give rise to mineralocorticoidproducing zG cells, which subsequently migrate centripetally while undergoing lineage conversion into glucocorticoidproducing zF cells. The latter cells eventually reach the cortical-medullary boundary, where they undergo apoptosis [reviewed in (1, 2) ]. Although tracing experiments have validated some aspects of this model (3, 4) , it was also shown that a functional zF still forms when the conversion of zG to zF cells is abrogated through the deletion of Nr5a1 (3), suggesting that the regulation of zonation is more complex than previously thought. Likewise, it was also shown that capsular stem cells give rise to undifferentiated, nonsteroidogenic adrenocortical progenitor cells that can also differentiate into adrenocortical steroidogenic cells (5, 6) . Numerous transcription factors and paracrine signaling molecules, including Wilms tumor 1 (7, 8) , nuclear receptor subfamily 5, group A, member 1 (8-11), nuclear receptor subfamily 0, group B, member 1 (9, 12) , sonic hedgehog (SHH) (5, 6, 13, 14) , b-catenin (CTNNB1) (15, 16) , and transcription factor 21 (5) , are critical for stem/progenitor cell and adrenal gland maintenance, and their loss in mice leads to adrenal insufficiency2related diseases.
Hippo is an evolutionarily conserved signaling pathway with well-established roles in cell fate determination, differentiation, and proliferation during embryonic and postnatal development, as well as in tissue homeostasis throughout adulthood [reviewed in (17) (18) (19) ]. The canonical Hippo pathway consists of a kinase cascade that ultimately serves to regulate the functionally redundant transcriptional coregulators Yes-associated protein (YAP) and transcriptional coactivator with PDZ-binding motif (TAZ). In response to extracellular signals such as the establishment of cell-cell contacts, the mammalian STE20-like protein kinases 1 and 2 are activated and phosphorylate the large tumor suppressor homologue kinases 1 and 2, which in turn phosphorylate YAP and TAZ. Upon phosphorylation, YAP and TAZ are either retained in the cytoplasm via their association with 14-3-3 proteins or degraded by the cellular proteasomal machinery. When the Hippo signaling cascade is inactive, unphosphorylated YAP and TAZ accumulate in the nucleus and form complexes with transcription factors to regulate the transcription of genes involved in cell growth, survival, and proliferation (17) (18) (19) .
In the adrenal gland, it was shown that YAP expression was associated with poor outcome of adrenocortical tumors in pediatric patients (20) . However, potential roles for the Hippo signaling pathway in adrenal gland function and/or homeostasis have never been evaluated. In this study, we aimed to elucidate the role of the key Hippo signaling effectors YAP and TAZ in the adrenal cortex by inactivating their expression in the adrenocortical cells of a transgenic mouse model.
Material and Methods

Ethics
All animal procedures were approved by the Comité d'Éthique de l'Utilisation des Animaux of the Université de Montréal (protocol numbers 14-Rech-1739, 16-Rech-1830, and 16-Rech-1805) and conform to the guidelines of the Canadian Council on Animal Care. 
Transgenic mouse strains
Histopathology and immunohistochemistry
Adrenal glands for light microscopy histopathologic analysis were weighed and fixed in formalin for 24 hours. Tissues were embedded in paraffin, sectioned, and stained with hematoxylin, phloxine, and saffron. Immunohistochemistry was done on formalin-fixed, paraffin-embedded, 4-mm tissue sections using VECTASTAIN Elite avidin-biotin complex method kits (Vector Laboratories, Burlingame, CA) or the mouse on mouse elite peroxidase kit (Vector Laboratories) as directed by the manufacturer. Sections were probed with primary antibodies against YAP, TAZ, CTNNB1, 5-bromo-2 0 -deoxyuridine (BrdU) or cleaved apoptosis-related cysteine peptidase, D175. Staining was done using the 3,3
0 -diaminobenzidine peroxidase substrate kit (Vector Laboratories). Negative controls consisted of slides for which the primary antibody was omitted. Antibodies used are listed in Table 1 .
Hormone measurements
Blood samples for serum collection were collected between 13:00 and 14:00 hours by cardiac puncture before euthanasia. Blood was allowed to clot at room temperature for 90 minutes and was centrifuged at 2000g for 15 minutes at room temperature. Serum samples were transferred to polypropylene tubes and stored at 280°C until use. To evaluate the response to acute stimulation with adrenocorticotropic hormone (ACTH), some animals were treated with ACTH fragment 1-24 (Sigma-Aldrich, St. Louis, MO) (500 ng/g of body weight, subcutaneously) 1 hour before euthanasia. Corticosterone levels were then determined by radioimmunoassay (MP Biomedicals, Solon, OH). Follicle-stimulating hormone (FSH)/ luteinizing hormone (LH) levels in the serum were determined using the mouse/rat LH/FSH multiplex assay (EMD Millipore, Billerica, MA). Aldosterone levels were determined using the ab136933-Aldosterone enzyme-linked immunosorbent assay (ELISA) Kit (Abcam, Cambridge, UK). Blood samples for plasma collection were collected between 9:30 and 10:00 hours in 2K-EDTA Microvette tubes (Sarstedt Inc., Saint-Léonard, Quebec, Canada) and centrifuged at 2000g for 15 minutes at 4°C. Plasma samples were transferred to polypropylene tubes and stored at 280°C until use. ACTH levels in the serum were determined by Immulite 2000 (Siemens Healthcare Diagnostics, Tarrytown, NY). Intratesticular testosterone levels were determined in testicular homogenates by enzyme-linked immunosorbent assay (IBL International, Hamburg, Germany). Homogenates were generated by mechanical homogenization of testes in phosphate-buffered saline followed by sonication for 60 seconds. Homogenates were centrifuged at 10,000g for 5 minutes, and the supernatants were stored at 280°C until use. All assays except measurements of circulating aldosterone levels were performed by the Center for Research in Reproduction at the Ligand Assay and Analysis Core Laboratory of the University of Virginia. 10% formalin for 2 minutes. After being washed with running water, slides were transferred to 60% 2-propanol for 1 minute. Lipids were then stained with Oil Red O (Sigma-Aldrich) for 10 minutes followed by immersion in 60% 2-propanol for 30 seconds. After being washed with running water, the tissues were counterstained with hematoxylin for 3 minutes.
Quantitative reverse transcription PCR
Total RNA from adrenal glands of 10-and 20-week-old animals and total RNA from testes, ovaries, and the pituitary of 10-week-old animals were extracted using the Total RNA Mini Kit (FroggaBio) according to the manufacturer's protocol. Total RNA was reverse-transcribed using 100 ng of RNA and the SuperScript VILO™ complementary DNA (cDNA) synthesis kit (Thermo Fisher Scientific, Ottawa, Ontario, Canada). Real-time PCR reactions were run on a CFX96 Touch instrument (Bio-Rad, Hercules, CA), using SsoAdvanced SYBR Green PCR Master Mix (Bio-Rad). Each PCR reaction consisted of 7.5 mL of Power SYBR Green PCR Master Mix, 2.3 mL of water, 4 mL of cDNA sample, and 0.6 mL (400 nmol) of gene-specific primers. PCR reactions run without cDNA (water blank) served as negative controls. A common thermal cycling program (3 minutes at 95°C, 40 cycles of 15 seconds at 95°C, 30 seconds at 60°C, and 30 seconds at 72°C) was used to amplify each transcript. To quantify relative gene expression, the cycle threshold (Ct) of genes of interest was compared with that of Rpl19, according to the
, where E is the amplification efficiency for each primer pair. Rpl19 Ct values did not change significantly between tissues, and Rpl19 was therefore deemed suitable as an internal reference gene. The specific primer sequences used are listed in Supplemental Table 1 .
BrdU incorporation assay
Ten-week-old mice were injected intraperitoneally with 100 mg/kg body weight BrdU (Sigma-Aldrich) and euthanized 4 hours after the injection. The BrdU-labeled DNA was detected by immunohistochemistry as described previously.
Dexamethasone treatment
Dexamethasone (2 mg/L) or vehicle (ethanol, 0.05% final concentration) was administered in drinking water (replaced every day) to 5-week-old mice for 2 weeks. Some mice were euthanized immediately after the end of the treatment, whereas other mice were euthanized 2 weeks after the end of the treatment to allow for the regeneration of the zF.
Statistical analyses
All statistical analyses were performed with Prism software version 6.0d (GraphPad Software Inc., La Jolla, CA; RRID: SCR_002798). All the data sets were subjected to the F test to determine the equality of variances. The Student t test was used for all comparisons between genotypes except when more than two groups were compared. In the latter cases, analysis of variance (with Tukey multiple comparisons posttest) was used. Means were considered significantly different when P values were,0.05. All data are presented as means 6 standard error of the mean.
Results
YAP and TAZ were expressed in the zG and zF of the adrenal cortex
To determine the expression pattern of YAP and TAZ, immunohistochemistry analyses were performed on adrenal glands from mature mice. Abundant nuclear and cytoplasmic expression of YAP (Fig. 1A) was detected in the cells of the zG, and strong nuclear expression of YAP was detected in the zF (Fig. 1A) . Nuclear expression of YAP was also detected in the endothelial cells of the adrenal gland (Fig. 1C ). Nuclear expression of TAZ was detected in the zG and in the zF (Fig. 1B) , with some cytoplasmic expression in a few cells of the adrenal cortex near the medulla (Fig. 1B) . Nuclear expression of TAZ was also detected in the endothelial cells and in the adrenal capsule (Fig. 1D ). YAP and TAZ expression patterns in the adrenal glands of male and female mice were similar ( Fig. 1E and 1F ), except that TAZ expression was also strongly detected in the cytoplasm of the adrenocortical cells near the medulla (X-zone) in females ( ;Nr5a1 cre/+ females was confirmed by immunohistochemistry, although TAZ expression remained in a few cells near the medulla (Supplemental Fig. 2E ). These results suggest that mechanisms of adrenocortical maintenance are sex specific.
Together (Fig. 4) . By 10 weeks of age, a mild hypertrophy of the adrenocortical cells was observed in the adrenal cortex and some vacuoles were present in the zG of the adrenal cortex, with most of these vacuoles located near the junction between the zG and the zF (Fig. 4) . At 20 weeks of age, as mentioned previously, numerous vacuolar cells and large multinucleated lipoid structures were observed in the adrenal cortex, and by 30 weeks of age, the adrenal cortex was almost fully destroyed (Fig. 4) .
To confirm that the observed vacuoles were present in the zF and not in the zG and to confirm the proper zonation of the adrenal gland, the expression of the zG marker CTNNB1 was analyzed by immunohistochemistry. As expected, CTNNB1 was detected in the zG but not in the region where vacuoles were present in 20-week-old mice (Fig. 5A and 5B). CTNNB1 expression appeared to be absent in some regions of the zG in the adrenal of 30-week-old mutant animals, suggesting that zG might also be affected at this age ( Fig. 5C and 5D ). Of interest, CTNNB1 expression was also detected in the nucleus of some hypertrophic cells, forming large foci in the zF of 30-week-old mutant animals (Fig. 5D, inset) .
To further study the degeneration of the adrenal gland, adrenocortical cell proliferation and apoptosis were evaluated. BrdU incorporation assays showed no difference in the abundance of proliferating cells in the adrenal cortex of Fig. 5A ) and pituitary Yap and Taz (Supplemental Fig. 5B ) mRNA levels, testosterone (Supplemental Fig. 5C ), FSH (Supplemental Fig. 5D ), and LH (Supplemental Fig. 5E ) production was similar in control and mutant males. These results suggest that the phenotype observed in the adrenal cortex of 
Nr5a1
cre/+ males, expression of steroidogenic genes was evaluated by qRT-PCR in 2-week-old, 10-week-old, and 20-week-old males. Among the genes tested, no changes in mRNA levels were observed in the adrenal glands of 2-week-old animals (Fig. 8C) , and only cytochrome P450, family 11, subfamily a, polypeptide 1 (Cyp11a1) was significantly downregulated in 10-week-old Yap flox/flox ; Taz flox/flox ;Nr5a1 cre/+ mice (Fig. 8D) . At the latter age, a small increase in melanocortin 2 receptor mRNA levels was also observed. By 20 weeks of age, mRNA levels of Cyp11a1; cytochrome P450, family 11, subfamily b, polypeptide 1 (Cyp11b1); hydroxy-delta-5-steroid dehydrogenase, 3 b-and steroid d-isomerase; melanocortin 2 receptor; and Nr5a1 were all reduced, whereas the expression of cytochrome P450, family 11, subfamily b, polypeptide 2; and steroidogenic acute regulatory protein were not affected (Fig. 8E) . Cyp11a1 mRNA levels were also downregulated in the adrenal glands of 10-week-old mutant females, in addition to hydroxydelta-5-steroid dehydrogenase, 3 b-and steroid d-isomerase and Nr5a1 in 20-week-old females (Supplemental Fig. 7A and 7B ). Taken Nr5a1 cre/+ males, 5-week-old mutant and control males were treated with dexamethasone for 2 weeks to suppress the zF through negative feedback on the hypothalamus and pituitary gland and then allowed to recover (or not) for 2 weeks. Dexamethasone treatment resulted in an 40% reduction in adrenal weight (Fig. 9A ) associated with degeneration of the zF (Fig. 9B and 9C ) and a reduction in steroidogenic gene expression (Supplemental Fig. 8A ) in both mutant and control mice. The adrenal glands from control mice allowed to recover after dexamethasone treatment regained most of their lost weight ( Fig. 9A and 9D) , and steroidogenic gene expression levels increased (Supplemental Fig. 8B ), indicating regeneration of the zF. However, the adrenal glands from the Yap flox/flox ;Taz flox/flox ;Nr5a1 cre/+ mice failed to recover any weight (Fig. 9A) . Despite the fact that the adrenal glands of the mutant mice failed to recover any weight, expression levels of steroidogenic genes increased after the recovery period (Supplemental Fig. 8B ). The zF also appeared slightly larger (Fig. 9E) ; however, numerous large multinucleated structures reminiscent of the ones present in the adrenal cortices of 20-week-old Yap flox/flox ;Taz flox/flox ;Nr5a1 cre/+ animals were also present in the mutant mice after the recovery period (Fig. 9E) . Surprisingly, circulating corticosterone levels did not decrease significantly in the mutant animals compared with the control animals (Supplemental Fig. 8C) , and no differences were observed in plasma ACTH levels (Supplemental Fig. 8D ). Taken together, ;Nr5a1 cre/+ males ( Fig. 10A and 10B ). Shh and Nr0b1 expression was downregulated in mutant animals at both ages. A statistically significant reduction in glioma-associated oncogene homologue (Gli1) expression was also observed in 10-week-old mutant animals, along with a statistically significant increase in deltalike 1 (Dlk1) levels. Shh levels also decreased, whereas Dlk1 levels increased in mutant mice were basal corticosterone: n = 12; ACTH-induced corticosterone: n = 7; aldosterone: n = 9; and ACTH: n = 7. Data are expressed as mean (columns) 6 standard error of the mean (error bars). Asterisks indicate significantly different from control (*P , 0.05).
females ( Supplemental Fig. 9A) ; however, Nr0b1 and Gli1 levels were unchanged (Supplemental Fig. 9A ). Interestingly, Nr0b1 levels were also 12 times higher in the adrenal glands of female mice than in those of males Interestingly, efficient inactivation of Ctnnb1 in adrenocortical cells led to a dramatic decrease in proliferation and the disappearance of the adrenal gland by e18.5 (15) , whereas inefficient inactivation of Ctnnb1 led to normal development of the adrenal gland followed by degeneration of the adrenal cortex starting at 15 weeks of age (15) . The Nr5a1 cre strain used in this study (23) known to strongly express SHH (6, 13, 14) , which is essential for the development of the adrenal cortex, as Shh-null mice have smaller adrenal primordia and conditional inactivation of Shh in Nr5a1-expressing cells causes hypoplastic adrenal glands (6, 13, 14) . Another possibility is that progenitor cells could be rapidly recruited into the zF to compensate for the loss of adrenocortical cells, perhaps resulting in enhanced differentiation of the progenitor cells. Finally, Hippo signaling may also directly influence the expression of Shh in progenitor cells, as hippo signaling has influenced Shh expression in several tissues. For example, it has been shown that YAP can activate SHH signaling in P19 cells (36) . Likewise, the overexpression of YAP inhibited neuronal differentiation in primary mouse cortical progenitors via a mechanism involving SHH (36) . Loss of Yap function in the Xenopus tadpole also caused limb bud regeneration defects and the downregulation of Shh expression (37) . Reporter gene marking of the progenitor cell population combined with cell lineage tracing experiments in the context of YAP/TAZ genetic manipulation would be required to test these hypotheses.
Aside from Shh, a small decrease in the expression levels of the Shh downstream target Gli1 was observed in 10-week-old mutant animals. No differences in Gli1 expression were observed in younger animals despite the marked decrease in Shh levels. This suggests that either the remaining SHH was sufficient to maintain Gli1 expression or that other mechanisms compensated for the downregulation of Shh to maintain Gli1 expression. One potential factor that could compensate for SHH loss is deltalike 1 homologue (DLK1), as it was shown in the rat that DLK1 can activate Gli1 transcription in the stem cells located in the capsule (38) . Compatible with this, we observed an increase in adrenal Dlk1 expression in 10-week-old Yap flox/flox ;Taz flox/flox ;Nr5a1 cre/+ mice. Aside from genes associated with SHH signaling, Nr0b1 expression was also downregulated in the adrenal glands of male Yap flox/flox ;Taz flox/flox ;Nr5a1 cre/+ mice. It was previously shown that loss-of-function mutations or deletion of Nr0b1 caused the depletion of the subcapsular progenitor cells in both humans and mice (9, 12) . As for Shh, whether YAP/TAZ serves to directly regulate Nr0b1 expression in adrenal progenitor cells remains to be determined. Degeneration of the adrenal cortex was observed in Yap flox/flox ;Taz flox/flox ;Nr5a1 cre/+ males but not in females, despite similar downregulation of Yap, Taz, and Shh expression. Several aspects of adrenal physiology are well known to differ by sex; for instance, the size of the adrenal gland and corticosterone and aldosterone secretion are all higher in females. The basis for these differences is not completely understood, although circulating sex hormone levels are known to play a role (39) (40) (41) . This study suggests that the signaling mechanisms underlying adrenal regeneration may also vary by sex. Our finding that adrenal degeneration occurred only in male Yap flox/flox ;Taz flox/flox ;Nr5a1 cre/+ mice despite a decrease in Shh occurring in both sexes suggests either that SHH plays a more important role in male progenitor cells or that other signaling pathways compensate for the partial loss of Shh expression in the female adrenal gland. If the latter is true, the transcription factor Nr0b1 could be involved because it is known to be important for adrenal gland maintenance (12) and is also known to be expressed more in the female adrenal gland (39, 42) .
Another feature of the female adrenal gland is the persistence of the X-zone in virgin animals (43), a zone with poorly defined functions (44) . Strong ACTHindependent centrifugal expansion of corticosteronesecreting cells originating from the X-zone were observed in the Prkar1a knockout mouse (27) , suggesting that some stem/progenitor cells could arise from the Xzone in some experimental conditions. Despite the persistence of a few TAZ-expressing cells in the X-zone of Yap flox/flox ;Taz flox/flox ;Nr5a1 cre/+ mice, it seems unlikely that this zone is responsible for the dimorphism observed between males and females, as the X-zone degenerates in parous females and no abnormal phenotype was observed in old parous females.
Features of impaired steroidogenesis, including elevated levels of neutral lipids, decreased expression of steroidogenic genes, and ACTH-stimulated corticosterone production, were all observed in the adrenal glands of Yap flox/flox ;Taz flox/flox ;Nr5a1 cre/+ mice. The overall decrease in steroidogenic gene expression levels was most likely caused mainly by the loss of adrenocortical cells. However, our analysis of steroidogenic gene expression in 10-week-old Yap flox/flox ;Taz flox/flox ;Nr5a1 cre/+ mice suggests that a specific loss of Cyp11a1 also contributed to the decrease in corticosterone production and that the expression of Cyp11a1 could be regulated by YAP/TAZ. Although it has been reported that YAP can regulate the expression of the steroidogenic enzyme Cyp19a1 in the KGN granulosa tumor cell line (29) , whether YAP/TAZ can regulate additional steroidogenic enzymes such as Cyp11a1 is grounds for further study. Interestingly, lipid accumulation was observed in the adrenal cortex of Cyp11a1 knockout mice (45) , which die shortly after birth. This suggests that the downregulation of Cyp11a1 could have contributed to the lipid accumulation observed in the adrenal glands of Yap flox/flox ;Taz flox/flox ; Nr5a1 cre/+ males. In summary, this study reports a role for YAP and TAZ in adrenal gland maintenance and indicates that inactivation of Yap and Taz in the adrenal gland led to adrenal degeneration.
